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Regulation of Rho GTPases by Crosstalk
and Neuronal Activity In Vivo
of fine dendritic branches in retinal ganglion cells is con-
trolled by glutamate receptor activity and Rho GTPases
(Wong et al., 2000). Recent biochemical evidence indi-
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cates that both GTPase activating proteins (GAPs [ChenCold Spring Harbor, New York 11724
et al., 1998; Kim et al., 1998]) and exchange factors2 Department of Neurobiology and Behavior
(GEFs [Penzes et al., 2001]) are enriched in the postsyn-SUNY at Stony Brook
aptic density, where they are ideally positioned for regu-Stony Brook, New York 11794
lation by glutamate receptor and calcium/calmodulin
dependent protein kinase II (CaMKII) activity. These
studies suggest that neuronal activity may regulate theSummary
activity of the Rho GTPases; however, no direct evi-
dence for this idea has been demonstrated.Proper development of neurons depends on synaptic
Rho GTPases operate within signaling pathwaysactivity, but the mechanisms of activity-dependent
where they respond to upstream signals and regulateneuronal growth are not well understood. The small
the activity of downstream effectors. Rho GTPase sig-GTPases, RhoA, Rac, and Cdc42, regulate neuronal
naling pathways interact with each other; however, themorphogenesis by controlling the assembly and sta-
mechanisms by which this crosstalk occurs is unclear.bility of the actin cytoskeleton. We report an in situ
Studies in fibroblasts have suggested a linear hierarchymethod to determine endogenous Rho GTPase activity
of activation of Rho GTPases, such that activated Cdc42in intact Xenopus brain. We use this method to provide
activates Rac, which in turn activates RhoA (Nobes andevidence for crosstalk between Rho GTPases in optic
Hall, 1995). In addition to such a linear cascade, moretectal cells. Moreover, crosstalk between the Rho
complex interactions between the Rho GTPase path-GTPases appears to affect dendritic arbor develop-
ways have been suggested from studies in several cellment in vivo. Finally, we demonstrate that optic nerve
types. In neuronal cells, RhoA activation counteractsstimulation regulates Rho GTPase activity in a gluta-
Rac and vice versa. For instance, Tiam1, a GEF for Rac,mate receptor-dependent manner. These data sug-
activates Rac and antagonizes RhoA in neurite out-gest a link between glutamate receptor function, Rho
growth assays of N1E-115 cells (Van Leeuwen et al.,GTPase activity, and dendritic arbor growth in the in-
1997). Crosstalk between the RhoA and Rac pathwaystact animal.
appears to control NGF-mediated control of neurite out-
growth in PC12 cells (Yamaguchi et al., 2001). TheseIntroduction
and other studies (Kozma et al., 1997; Hirose et al., 1998;
Moorman et al., 1999; Sander et al., 1999; Tashiro et al.,The Rho family of small GTPases regulates neuronal
2000; Wong et al., 2000) suggest that a balance betweenmorphogenesis by affecting the stability and assembly
Rac and Rho activities is key in determining the outcomeof the actin cytoskeleton (Luo, 2000). In nonneuronal
of Rho GTPase activity with respect to neuronal morpho-cells, growth factors operating through cell surface re-
logical rearrangements. However, the activation stateceptors and adhesion to the extracellular matrix both
of endogenous Rho GTPases could not be assessed inregulate Rho GTPases (Van Aelst and D’Souza-Schorey,
these studies.1997; Hall, 1998; Kjoller and Hall, 1999). The extracellular
The inability to assay endogenous Rho GTPase activ-signals that regulate Rho GTPases in neurons in vivo
ity in the intact organism has hampered studies of regu-
are unclear. Neuronal growth factors may be involved
lation of Rho GTPases. The Rho GTPases cycle between
in regulating Rho GTPases during axon pathfinding
a GDP-bound inactive state and a GTP-bound active
(Dickson, 2001) and outgrowth (Luo et al., 1996c; Ya- state. Rho GTPase activity can be determined in cul-
mashita et al., 1999). The Rho GTPases also function in tured cells by pull-down assays in which the extent of
the development and structural plasticity of dendrites the GTP-bound form of Rho GTPase that binds to the
and dendritic spines (Luo et al., 1996b; Threadgill et al., specific binding domain of a downstream effector is
1997; Ruchhoeft et al., 1999; Lee et al., 2000; Nakayama quantified. This method has been used extensively to
et al., 2000; Tashiro et al., 2000; Wong et al., 2000). Time- detect GTP-bound RhoA, Rac, and Cdc42 (Yamashita
lapse imaging studies demonstrate that changes in et al., 1999; Kim et al., 2000; Kraynov et al., 2000; Liu
spine morphology are controlled by glutamatergic syn- and Burridge, 2000). The assays take advantage of
aptic activity (Engert and Bonhoeffer, 1999; Maletic- downstream effectors that only bind the GTP-bound
Savatic et al., 1999; Lendvai et al., 2000) and require form of the GTPases and that are specific for Rac, RhoA,
modifications of the actin cytoskeleton (Fischer et al., or Cdc42. For instance, the RhoA binding domain (RBD)
2000) that are regulated by Rho GTPases (Luo et al., of the specific Rho effector Rhotekin (Reid et al., 1996),
1996a; Nakayama et al., 2000; Tashiro et al., 2000). Den- fused to glutathione-S-transferase (GST), was used to
dritic arbor development in Xenopus optic tectal neu- pull down GTP-Rho from cells transfected with constitu-
rons requires both NMDA R activity and Rho GTPases tively active RhoAV14 (Ren et al., 1999). PAK is a down-
(Rajan and Cline, 1998; Li et al., 2000). Similarly, the motility stream effector of Rac and Cdc42. The GTPase binding
domain of PAK reports Rac and Cdc42 activity (Manser
et al., 1994; Bagrodia et al., 1995). WASP is a down-3 Correspondence: cline@cshl.org
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stream effector of Cdc42 but not Rac. Therefore, fusion
proteins of the WASP GTPase binding domain with a
reporter protein selectively identifies GTP-Cdc42 (Aspen-
strom et al., 1996; Kolluri et al., 1996; Symons et al.,
1996). To report the cellular localization of activated
GTPases, fusion proteins of the PAK GTPase binding
domain and a fluorescent reporter dye were used to
visualize activated Rac in cultured cells by direct fluores-
cence imaging and FRET (Kraynov et al., 2000). Similarly,
transfected WASP GTPase binding domain and GFP
fusion protein was used to show the subcellular distribu-
tion of active Cdc42 in living cultured cells (Kim et al.,
2000). However visualization of activated Rho GTPases
in intact brain tissue has not yet been accomplished.
Here we describe a novel method to detect Rho
GTPase activity in the intact animal. We examine the
potential crosstalk between members of Rho GTPases
and its possible role in dendritic arbor growth in vivo.
Furthermore, we investigate the regulation of endoge-
nous Rho GTPases by neuronal activity.
Results
In Situ Binding Assay for Rho GTPase Activity
We developed an in situ binding assay for activated
Rho GTPases. Previous work demonstrated the binding
specificity of GTPase binding domains of downstream
effectors for the GTP-bound forms of Rac, RhoA, or
Cdc42: the GTPase binding domain of PAK binds the
activated GTP-bound forms of Rac and Cdc42 (Manser
et al., 1994), but does not bind GTP-RhoA (Bagrodia et
al., 1995). The GST fusion protein of the WASP GTPase
binding domain strongly binds activated GTP-bound
Cdc42, with only weak binding to GTP-Rac (Aspenstrom
et al., 1996; Kolluri et al., 1996; Symons et al., 1996).
Similarly, the GST fusion protein of the Rhotekin Rho
binding domain selectively binds the activated GTP-
bound form of RhoA, but not Rac or Cdc42 (Reid et al.,
1996). These probes have also been used in pull-down
assays to test the selective activation of endogenous
GTPases (Yamashita et al., 1999; Ren et al., 1999). We
generated GST fusion proteins of the GTPase binding
domains (GBD-GST) of PAK, Rhotekin, and WASP. Con-
sistent with published reports, we find that the GST
fusion proteins of the GTPase binding domains of PAK,
WASP, and Rhotekin selectively bind endogenous Xeno-
Figure 1. GTPase Binding Domains Report Rho GTPase Activationpus Rho GTPases, Rac, Cdc42, and RhoA, respectively
In Situ(Figure 1A). We don’t detect Cdc42 binding to PAK.
(A) Pull-down assays showing that Rac is bound selectively by PBD-To test whether the in vitro binding specificity of the
GST (PAK), RhoA is bound selectively by RBD-GST (Rhotekin), andfusion proteins is maintained in the intact brain, myc-
Cdc42 is bound selectively by WBD-GST (WASP). Sections throughtagged constructs of either constitutively active or domi-
the optic tectum of brains expressing myc-tagged GTPases as des-
nant-negative Rac, Cdc42, and RhoA were delivered to ignated on the left, and sections incubated with RBD-GST (Rhotekin
the brain by electroporation or vaccinia virus infection. [B and C]), PBD-GST (PAK [D–G]), or WBD-GST (WASP [H and
I]). RBD-GST binding was selectively increased in cells expressing2 days later, when expression levels of ectopic proteins
RhoAV14 (A). PBD-GST binding was selectively increased in cellsare high, animals were rapidly fixed and brain sections
expressing RacV12 (C) and Cdc42V12 (F). WBD-GST binding waswere incubated with the different GBD-GST fusion pro-
selectively increased in cells expressing Cdc42V12 (G). At least sixteins. Sections were then incubated with GST antibodies
animals were examined for each condition tested.
to report the distribution of GBD-GST bound to activated
GTPases, and with myc antibodies to identify cells ex-
pressing mutant GTPases. main in transfected cells (RBD-GST; Figure 1B). Cells
expressing dominant-negative RhoA (RhoAN19) do notExpression of constitutively active RhoA (RhoAV14)
in optic tectal neurons selectively increased binding of show significant RBD-GST binding above background
(Figure 1C), demonstrating the binding specificity of RBD-the GST fusion protein of the Rhotekin Rho binding do-
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GST. Expression of constitutively active Rac (RacV12)
or Cdc42 (Cdc42V12) selectively increased binding of
the GST fusion protein of the PAK GTPase binding do-
main (PBD-GST) in transfected cells (Figures 1D and
1F), while expression of the dominant-negative forms of
these GTPases (RacN17, CdcN17) did not increase PBD-
GST binding (Figures 1E and 1G). Expression of constitu-
tively active Cdc42 increased binding of the GST fusion
protein of WASP GTPase binding domain (WBD-GST;
Figure 1H). The binding is selective, based on the obser-
vation that expression of dominant-negative Cdc42 did
not increase WBD-GST binding (Figure 1I). Expression
of constitutively active Rac resulted in a slight increase
in WBD-GST binding (data not shown), consistent with
low levels of binding reported in other systems
(Aspenstrom et al., 1996; Kolluri et al., 1996; Symons et
al., 1996). To test whether our GST fusion proteins show
nonspecific binding, we expressed myc-tagged EGFP
in optic tectal cells by whole brain electroporation or
vaccinia virus infection. Incubating brain sections with
GBD-GST did not label transfected cells. No labeling
was observed following incubation with GST protein
alone (data not shown).
Interaction between Rho GTPases
The experiments reported above indicate that GTPase
binding domains of the effector proteins we used are
specific to the given GTPase. This allowed us to test for
potential crosstalk between different Rho GTPases. We
assessed endogenous RhoA activity in animals express-
ing constitutively active or dominant-negative Rac and
Cdc42. This experimental design should allow us to de-
tect crosstalk as the activation of endogenous GTPases
by overexpressed mutant forms of GTPases. Expression
of constitutively active Rac increased RBD-GST binding
in the transfected cells, while expression of dominant-
negative Rac did not increase RBD-GST binding (Fig-
ures 2A and 2C). To test whether the increased RBD-
GST binding in RacV12 expressing neurons was due
to increased activity of endogenous RhoA, we blocked
RhoA by coexpression of C3, a toxin that selectively
inactivates RhoA by ADP-ribosylation (Figure 2B). For
this experiment, we quantified the intensity of RBD-GST
binding by GST immunolabeling and expressed this rela-
tive to RacV12 expression, determined by myc staining.
The increased RBD-GST binding in RacV12-expressing
neurons (GST/myc staining: 5.22  0.94) was blocked
Figure 2. Crosstalk between Rho GTPasesby coexpression of C3 (GST/myc staining: 0.38  0.05,
(A–E) Activated Rac and decreased Cdc42 activity increase endoge-p  0.001). This indicates that the increased RBD-GST
nous RhoA activity. Sections through the optic tectum of brains
binding in cells expressing constitutively active Rac is expressing myc-tagged RacV12, RacN17, Cdc42V12, or Cdc42N17
most likely due to the increased endogenous RhoA ac- (left panels) and sections probed with RBD-GST (middle panels).
tivity. Expression of constitutively active Cdc42 did not Right panels show superposition of left and middle images. RBD-
GST binding was increased selectively in cells expressing RacV12affect RBD-GST binding, while decreased Cdc42 activity
(A) and Cdc42N17 (E), but not in cells expressing RacV12 in animalsthrough the expression of dominant-negative Cdc42 in-
treated with C3 (B), RacN17 (C), or Cdc42V12 (D). (F–I) Decreasedcreased RBD-GST binding (Figures 2D and 2E). There-
RhoA activity activates endogenous Rac, but not Cdc42. Sections
fore, increased Rac activity and decreased Cdc42 activ- through the optic tectum of brains expressing myc-tagged RhoAV14
ity increase endogenous RhoA activity in optic tectal (F and H) or myc-tagged RhoAN19 (G and I). Sections were probed
cells. This is unexpected since Rac and Cdc42 are often with PBD-GST for endogenous Rac and Cdc42 activity (F and G) or
WBD-GST for endogenous Cdc42 activity (H and I). Endogenousthought to act in concert to promote structural changes
Rac was activated by RhoAN19 (G), while Cdc42 activity is not(Kjoller and Hall, 1999).
affected by RhoA (H and I). At least six animals were examined forWe also tested whether RhoA activity alters the en-
each condition tested.
dogenous Rac and Cdc42 activity in brains by express-
ing constitutively active and dominant-negative RhoA.
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Expression of dominant-negative RhoA selectively in- tivity enhances dendritic branch elongation (Li et al.,
creased PBD-GST binding (Figures 2F and 2G) without 2000). Active RhoA binds and activates downstream
affecting WBD-GST binding (Figures 2H and 2I). Be- effectors to carry out its cellular functions. The Rho
cause PAK reportedly does not bind dominant-negative activated serine/threonine kinase (ROK) is a down-
RhoN19, this suggests that Rac, but not Cdc42 is acti- stream effector of RhoA (Leung et al., 1995; Ishizaki et
vated when RhoA activity is decreased. By contrast, al., 1996), which mediates the growth inhibitory function
expression of constitutively active RhoA did not appear of RhoA in neurons (Hirose et al., 1998; Bito et al., 2000;
to alter either PBD-GST or WBD-GST binding. We rea- Nakayama et al., 2000). Exposure of animals to Y-27632,
soned that this might be due to the difficulty in detecting a specific inhibitor of ROK (Uehata et al., 1997), in-
a further reduction in low levels of endogenous Rac or creased the growth rate of tectal cell dendritic arbors
Cdc42 activity with the in situ assay. To address this (Figures 4A and 4B), comparable to the effect seen with
possibility, we overexpressed myc-tagged wild-type Rac expression of dominant-negative RhoA (Li et al., 2000).
or Cdc42 by electroporation and exposed animals to the This indicates that dendritic branch extension is nega-
RhoA activator, lysophosphatidic acid (LPA), to increase tively regulated by RhoA and ROK activity. Expression of
endogenous RhoA activity. These experimental condi- dominant-negative Rac abolished the increased growth
tions should enhance Rac and Cdc42 activity and allow rate seen with Y-27632 (Figures 4A and 4B), suggesting
us to detect a RhoA-mediated decrease in their activity that Rac activity may be required for the enhanced
if it occurs. We measured relative Rac and Cdc42 activity growth rate seen with Y-27632-mediated inhibition of
in transfected cells by normalizing GBD-GST binding to ROK. These data raise the possibility that ROK can mod-
myc immunostaining to control for different levels of ify Rac activity. To test this hypothesis, we transfected
GTPase expression. Activation of RhoA by exposure to tectal cells with myc-tagged wild-type Rac and treated
LPA reduced the PBD-GST binding in Rac-expressing the animals with Y-27632. Y-27632 did not alter Rac
cells compared to levels in untreated animals (Figure 3D). activity (Figure 4C). This suggests that the increased
Exposure to LPA did not affect WBD-GST binding in cells Rac activity seen with expression of dominant-negative
overexpressing wild-type Cdc42 (Figure 3D). RhoA (Figure 2) does not occur because of a decrease
These data indicate that enhanced RhoA activity in- in ROK activity, but could be mediated by other down-
hibits Rac, while reduced RhoA activity increases Rac stream effectors of RhoA, such as mDia1 (Watanabe et
activity. This observation, together with the Rac-medi- al., 1999).
ated increase in RhoA activity (Figure 2A) suggests that Taken together, these experiments demonstrate that
a regulatory loop exists in which Rac, activated by up- the activity of Rho GTPases can be assessed using in
stream regulatory proteins, increases RhoA activity and situ binding assays with GST fusion proteins generated
this in turn decreases Rac activity. Several experiments with the GTPase binding domain of downstream effector
indicate that the balance of activities of different GTPases molecules. The in situ binding assays demonstrate that
determines the morphological outcome of a physiologi- the different Rho GTPases can affect the activities of
cal stimulus. This suggests that crosstalk, by regulating other Rho GTPases. We have assessed whether such
the balance of activities of GTPases may have an impact interactions might affect the morphological develop-
on neuronal morphology. We have previously reported ment of dendritic arbors in the intact animal. We propose
that Rac and RhoA have distinct functions in dendritic complex interactions between the three different Rho
arbor growth in Xenopus optic tectal neurons. Rac pri- GTPases in optic tectal cells in vivo: increased Rac activ-
marily regulates arbor dynamics, while enhanced RhoA ity and decreased Cdc42 activity activate RhoA, and
activity inhibits branch extension. Expression of consti- activation of RhoA inhibits Rac via downstream effectors
tutively active Rac increases rates of branch additions other than ROK (see Figure 6).
and retractions in dendritic arbors (Li et al., 2000). To
test if crosstalk between the RhoA and Rac pathways
Optic Nerve Stimulation Regulates Endogenousindicated above alters the balance between Rac-medi-
Rho GTPase Activityated branch additions and RhoA-mediated branch ex-
To test whether Rho GTPases are regulated by neuronaltension, we transfected brains with constitutively active
activity in vivo, we performed in situ GTPase activityRac and treated the animals with the RhoA activator
assays in the intact brain following optic nerve stimula-LPA. Time-lapse imaging of dendritic arbor growth over
tion. Retinal ganglion cells from each eye of the tadpole8 hr showed that LPA prevented the increased branch
project to the opposite optic tectum through the opticdynamics normally seen in neurons expressing constitu-
tract (Figure 5A). Stimulating one optic nerve enhancestively active Rac alone (Figures 3A–3C). These data sug-
neuronal activity only in the opposite tectal lobe, thegest that activation of the RhoA pathway by LPA blocks
postsynaptic component of which was blocked by gluta-Rac-mediated branch dynamics. This is consistent with
mate receptor antagonists (Figure 5B).the idea that the relative amounts of activated GTPases
Visual information is transmitted to the optic tectumcontrol dendritic arbor morphology. The data also sug-
in bursts of action potentials ranging from 20–100 Hz.gest that the interaction between the RhoA and Rac
We used optic nerve stimulation to provide a more uni-pathways, as seen with the in situ binding assay, affects
form activation of large numbers of retinotectal syn-the relative levels of activated GTPases. Alternatively,
apses than occurs with visual stimulation. We testedLPA could affect branch dynamics independently of
whether unilateral optic nerve stimulation at 1 Hz, 5 Hz,Rac; however, we did not detect an effect of LPA treat-
or 20 Hz for 5 min altered endogenous GTPase activity.ment alone on branch dynamics in our previous study
Optic nerve stimulation at 20 Hz significantly increased(Li et al., 2000).
In Xenopus optic tectal neurons, decreased RhoA ac- PBD-GST binding in the stimulated tectal neuropil com-
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Figure 3. RhoA Activation Affects Rac-Mediated Dendritic Branch Dynamics by Inhibiting Rac Activity
(A) Drawings of optic tectal neurons imaged every 2 hr over 8 hr shown from the top to bottom of each column. Treatments are shown at top
of each column. Rates of branch additions (B) and retractions (C) for control neurons (n  47), RacV12-expressing neurons (n  20), RacV12-
expressing neurons treated with LPA (n  12), and neurons treated with LPA (n  15). (D) GBD-GST binding normalized to levels of transfected
myc-tagged GTPases. Overexpression of wild-type Rac increases PBD-GST binding (PAK), and this increased Rac activity is reduced by LPA.
Expression of wild-type Cdc42 increases WBD-GST binding (WASP), but this is unaffected by LPA. ***p  0.002; **p  0.01.
pared to the unstimulated neuropil, while optic nerve To assess the temporal requirements of optic nerve
stimulation on changes in GTPase activity, we testedstimulation at lower frequencies did not alter PBD-GST
binding (Figures 5C, 5D, and 5J). By contrast, optic nerve whether 45 s of optic nerve stimulation at 20 Hz was
sufficient to change RhoA and Rac activity. Animalsstimulation at 20 Hz decreased RBD-GST binding in the
stimulated tectal neuropil compared to the unstimulated received 45 s of unilateral optic nerve stimulation and
were either fixed immediately or were fixed after antectal neuropil (Figures 5F, 5G, and 5K). The increased
Rac activity and decreased RhoA activity were both elapsed time of 5 min. Neither RhoA nor Rac activity
was affected in animals that received 45 s of optic nerveblocked by exposure to a combination of NMDA and
AMPA receptor antagonists, D-APV (50 M) and CNQX stimulation and were fixed immediately thereafter. Ani-
mals that received the same stimulus, but were fixed(20 M), during the period of optic nerve stimulation
(Figures 5E, 5H, 5J, and 5K). WBD-GST binding was not after 5 min showed an increase in PBD-GST binding and
decrease in RBD-GST binding comparable to that seenaffected by optic nerve stimulation at any frequency
with 5 min of continuous optic nerve stimulation (Figurestested (Figure 5I). This indicates that Cdc42 activity is
5J and 5K).not significantly regulated by retinotectal input activity
and further indicates that the enhanced PBD-GST bind-
Discussioning seen with optic nerve stimulation is due to increased
Rac activity. These data indicate that Rac is activated,
while RhoA is inhibited in the tectal neuropil following The Rho family of small GTPases transduces extracellu-
lar stimuli into diverse cellular outcomes by regulatingoptic nerve stimulation.
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Figure 4. Cooperation between ROK and
Rac in Control of Dendritic Arbor Growth
(A) Drawings of optic tectal neurons imaged
daily. Treatments are shown at the top of
each column. Daily growth rate (B) for control
neurons (n  44), RacN17-expressing neu-
rons (n  16), RacN17-expressing neurons
treated with Y-27632 (n  12), and neurons
treated with Y-27632 (n  14). (C) PBD-GST
binding normalized to levels of transfected
myc-tagged GTPases. **p  0.01.
the assembly and stability of the actin cytoskeleton. actions of individual GTPases, each with different ef-
fects on the cytoskeleton, or through crosstalk betweenAlthough the involvement of Rho GTPases in essential
cellular functions, including neuronal morphogenesis, the GTPase pathways. Such crosstalk, in turn, could
result from the differential regulation of common targetshas been established, the inability to monitor endoge-
nous Rho GTPase activity in intact tissue has made it by multiple Rho GTPases (Bishop and Hall, 2000) or
from the regulation of one Rho GTPase by another. Wedifficult to identify the signals that regulate Rho GTPases
in intact organisms. To address this issue, we developed found that Rho GTPases can regulate the activity of
other Rho GTPases (Figure 6). RhoA activity is increasedan in situ method to measure Rho GTPase activity in
intact tissue. Using this method, we found evidence by activated Rac and inhibition of Cdc42, while Rac is
inhibited by activation of RhoA. Furthermore, we foundfor complex crosstalk between Rho GTPase signaling
pathways in intact brain (Figure 6), which appears to that the crosstalk we observed with the biochemical
assay relates to morphological changes in tectal celloccur through the regulation of Rho GTPase activity,
rather than through modification of activity of down- dendritic arbor development. Rac regulates dendritic
branch dynamics in tectal cells (Li et al., 2000). Exposingstream effectors. Furthermore, crosstalk between Rho
GTPases within growing dendritic arbors appears to animals to LPA, an activator of RhoA, suppressed Rac
activity as detected by the in situ assay and preventedaffect arbor elaboration. Finally, by using this in situ
assay, we present evidence that endogenous Rho Rac-induced increase in branch dynamics. Therefore,
data from the in vivo time-lapse imaging and in situ RhoGTPases are regulated by neuronal activity in the intact
animal. GTPases assay are consistent with the idea that Rho
GTPases cooperate to control neuronal morphology.
An important question regarding the crosstalk be-Detection of Rho GTPase Activity In Vivo
The localization of active Rho GTPases is closely related tween Rho GTPases concerns the molecular mecha-
nisms of this regulation. In tectal neurons, inhibiting ROKto their biological activity, at least partially due to spatial
targeting of specific downstream effectors. Several meth- with Y-27632 results in increased dendritic arbor growth
rate that can be abolished by expressing dominant-ods have recently been reported to monitor the cellular
localization of active Rho GTPases using expression of negative Rac; however, Y-27632 did not alter Rac activ-
ity. Although this rules out regulation of Rac by ROK,Rho GTPases tagged with fluorescent protein. However,
these methods cannot be used to measure endogenous other RhoA effectors, including mDia, could mediate the
inhibition of Rac by RhoA. RhoA could also antagonizeGTPase activity in an intact organism. We have devel-
oped an in situ assay that takes advantage of the Rac by competing for common regulatory molecules,
such as guanine nucleotide exchange factors (GEFs).GTPase binding domains of downstream effectors of
the Rho GTPases. Our experiments demonstrate that
GST fusion proteins with these binding domains selec- Visual System Activity Regulates Rho GTPases
Both glutamate receptor activity and Rho GTPases regu-tively bind active GTPases in intact tissue. The in situ
binding assay using these fusion proteins allows us to late the dendritic arbor growth in tectal cells (Rajan and
Cline, 1998; Li et al., 2000), suggesting that they mayexplore the regulation of endogenous Rho GTPases
within complex environments in the intact brain. function in the same pathway. Indeed, optic nerve stimu-
lation increases Rac activity and decreases RhoA activ-
ity in brain regions that receive direct optic nerve in-Interaction between Rho GTPases
Neuronal morphogenesis is accomplished through the nervation. These changes in GTPase activity are blocked
by glutamate receptor blockers, APV, and CNQX. Thiscooperative interaction of several Rho GTPases (Luo,
2000). This cooperation could occur through parallel is consistent with the idea that neuronal activity through
Regulation of Rho GTPases In Vivo
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Figure 5. Optic Nerve Stimulation Regulates Endogenous Rho GTPase Activity
(A) Illustration of preparation for optic nerve stimulation in the intact animal. Each optic nerve (ON) innervates the contralateral optic tectum.
(B) Field potentials recorded from the optic tectal neuropil contralateral to the side of optic nerve stimulation show three components: two
short-latency components and a long-latency component. The long-latency component is reversibly blocked by a cocktail of 50 M APV, 20
M CNQX, and 100 M picrotoxin. (C–I) Reconstructions of confocal images of brains after stimulating the right optic nerve under indicated
conditions and detection of GTP-Rac, GTP-RhoA, and GTP-Cdc42. Arrows in (D) and (G) point to left tectal neuropil in which GST labeling is
greater than (D) or less than (G) the unstimulated tectal neuropil. Histograms under the images in (C)–(H) show the intensity of GST immunoreactiv-
ity in a line through the optic tectum, whose position is shown in (C). 20 Hz stimulation of the right optic nerve increased Rac activity and
decreased RhoA activity in the neuropil region of the left tectum. (J–K) Percentage change of Rac and RhoA activity in the stimulated tectum
compared to the unstimulated tectum in the same brain. Six to twenty animals were examined for each conditions. ***p  0.002; **p  0.01.
ONS, optic nerve stimulation.
activation of glutamate receptors regulates activity of vates RhoA. Therefore, the effect of optic nerve stimula-
tion in decreasing RhoA activity is further regulatedRho GTPases to promote dendritic arbor growth.
These in situ measures of GTPase activity reflect the through a negative feedback from Rac to RhoA. Simi-
larly, increased Rac activity detected by the in situ assaynet activity of the GTPases and therefore the outcome
of crosstalk between the GTPases. For instance, optic could occur partially in response to optic nerve stimula-
tion and secondarily in response to stimulation throughnerve stimulation decreased RhoA activity, which acti-
vates Rac through crosstalk. Activated Rac in turn acti- RhoA inhibition.
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to synaptic activity. A similar mechanism, based on tight
cross regulation of GTPase activities, might be used in
other growth factor signaling pathways. Extracellular
signals can achieve diverse structural outcomes by dif-
ferentially regulating Rho GTPases directly and by fur-
ther modifying the differences in activity levels through
crosstalk between Rho GTPases. Therefore, Rho
GTPases not only transduce, but also integrate, the
growth regulatory signals for neuronal morphogenesis.
Experimental Procedures
Gene Delivery
Albino Xenopus laevis tadpoles were obtained by mating induced by
human chorionic gonadotropin injections. Human RacV12, RacN17,
Cdc42V12, and RhoAV14 genes were myc-tagged at the N-terminal
and cloned into the SalI/NotI site of pEGFPN1 vector (Clontech).
The human Cdc42N17 and RhoAN19 genes were fused with myc-
EGFP at the N-terminal and used to generate vaccinia viruses as
reported (Li et al., 2000). All constructs were confirmed by DNA
sequencing. Purified recombinant vaccinia virus (100–150 nl, 107
plaque-forming units colored with fast green) was injected into the
tectal ventricle of stage 46 tadpoles anesthetized with 0.02% MS222Figure 6. Proposed Model for Rho GTPase-Mediated Dendritic
(3-aminobenzoic acid ethyl ester). To transfect tectal cells by elec-Arbor Growth
troporation, stage 46 tadpoles were anesthetized with 0.02% MS222(A) Crosstalk between Rho GTPases. RhoA is activated by Rac
and DNA (1 g/l in 200 M NaCl, colored with fast green) was(arrow) and inhibited by Cdc42 (bar). RhoA inhibits Rac. (B) Model
injected into the tectal ventricle. Platinum electrodes (1–2 mm) werefor Rho GTPases in activity-dependent dendritic arbor elaboration.
placed on the skin of both sides of the midbrain. Five pulses of 30Neural activity through glutamate receptors activates Rac and de-
V with an exponential decay of   70 ms were delivered, as de-creases RhoA. Coordination of RhoA and Rac leads to elaboration
scribed (Foa et al., 2001).of dendritic arbor.
In Situ Rho GTPase Activity Assay
The constructs for the GTPase binding domain fused with GST inGlutamate receptors interact with many postsynaptic
the pGEX vector were provided by Dr. Linda Van Aelst. The GST
density proteins, including SynGAP, a GTPase activat- fusion proteins were expressed in Escherichia coli and prepared as
ing protein for Ras, Kalirin-7, a GEF for Rac, and CaMKII, described (Ho et al., 1999). Myc-tagged RacV12, RacN17, Cdc42V12,
and RhoAV14 and HA-tagged C3 were expressed in the tadpolewhich is known to modulate synaptic strength and den-
brain through electroporation. Recombinant vaccinia virus express-dritic growth. It is possible that glutamate receptors
ing myc-tagged Cdc42N17 and RhoAN19 were injected into theregulate Rho GTPases through modifying the function
brain ventricles of stage 46 tadpoles. For in situ Rho GTPase activityof these signaling molecules.
assay animals were fixed in 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB) (pH 7.4) for 3 hr at room temperature, rinsed in
Rho GTPases as Integrators of Neuronal PB, and cryoprotected in 30% sucrose. Cryostat sections (20 m)
were preincubated with blocking solution containing 5% goat serumMorphogenesis
and 0.3% Triton X-100 in PBS for 1 hr, followed by an overnightDifferent Rho GTPases are specialized to control differ-
incubation at 4C in GBD-GST (5–10 g/ml). After rinsing, sectionsent aspects of dendritic growth through their selective
were fixed in 2% paraformaldehyde in 0.1 M PB for 10 min at roomeffects on the cytoskeleton (Luo, 2000). RhoA activity in-
temperature and rinsed again. Sections were incubated in GST anti-
hibits branch extension, whereas Rac promotes branch body (diluted 1:100 in blocking solution, Oncogene, polyclonal) over-
addition and stabilization. We suggest that the different night at 4C, rinsed, and incubated in cy5-goat anti rabbit secondary
antibody (1:100 in blocking solution, Jackson Immunoresearch Lab-GTPases coordinate their activities through crosstalk
oratory, West Grove) for 30 min at room temperature. To identifyto control neuronal morphogenesis when stimulated by
transfected cells, myc antibody (1:100 in blocking solution, Calbio-extracellular signals. Neuronal activity that activates
chem, monoclonal) was added to the GST antibody, and detectedglutamate receptors is one signal that regulates Rho
with rhodamine-goat anti mouse secondary antibody (1:100 in
GTPases. Based on this knowledge, we propose a blocking solution, ICN Biomedicals, Inc., Aurora). To normalize Rho
model for Rho GTPase function in activity-dependent GTPase activity to the level of GTPase overexpression in transfected
cells, GST staining was normalized to myc staining in the same cellsdendritic arbor plasticity (Figure 6). In unstimulated neu-
by taking the ratio of fluorescence intensity for GST and myc.rons, RhoA activity is high, which maintains low levels
To stain endogenous activated Rho GTPases in intact brains,of Rac activity through crosstalk. The high RhoA activity
animals were fixed in 4% paraformaldehyde for 2–3 hr at roomand low Rac activity restrict the growth of dendritic arbor
temperature and rinsed in PBS. Dissected brains were rinsed in PBT
(Li et al., 2000) so that neurons maintain their structure (PBS, 0.2% Tween) at room temperature, blocked with 10% goat
without further elaboration. Glutamatergic synaptic ac- serum in PBS for 2 hr at room temperature, and incubated in GBD-
GST (5–10 g/ml) in blocking solution overnight at 4C. Brains weretivity changes Rho GTPase activity: RhoA is inhibited
rinsed in PBS containing 5% goat serum at room temperature, incu-and Rac is activated. The growth of the dendritic arbor is
bated in GST antibody (1:100 in blocking solution, Oncogene, poly-promoted in response to these changes of Rho GTPases
clonal) overnight at 4C, rinsed, and incubated overnight at 4C inactivity. Activated Rac enhances branch additions and
cy5-goat anti rabbit secondary antibody (1:100 in blocking solution,
RhoA inhibition enhances branch elongation (Li et al., Jackson Immunoresearch Laboratory, West Grove). Brains were im-
2000). Activated Rac also increases RhoA activity, which aged with a Noran Instruments laser scanning confocal attachment
mounted on an upright Nikon Optiphot through a 10 lens. Eachin turn may serve to curtail excessive growth in response
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optical section was an average of 32 frames. GST immunoreactivity tions, and the change in total dendritic branch length in neurons
from uninfected animals and animals infected with EGFP vacciniain the whole-mount brains was quantified from three-dimensional
reconstructions of confocal images collected through the brains. virus were comparable, consistent with the previous observation
that vaccinia virus does not affect the development of tectal cellThe tectal neuropil was identified by visual inspection of the images.
Three rectangular regions of interest were drawn to encompass the morphology (Wu and Cline, 1998). We therefore pooled these two
groups of control cells together. Statistical analysis was done withmajority of the neuropil. Intensity values were read from the regions
of interest in each left and right optic tectal neuropil. Values were two-tailed t test.
background subtracted, averaged, and expressed as relative inten-
sity in the left (stimulated) tectal neuropil compared to the right Acknowledgments
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